INTRODUCTION
Nitrogen (N) is a major element limiting plant growth in most terrestrial ecosystems (LeBauer and Treseder, 2008) . A large amount of N is stored in soil organic matter; however, the traditional concept of N cycling assumes that plants only take up inorganic N (i.e. NH 4 + and NO 3 2 ) in soils, relying on soil microorganisms to unlock N from organic forms (Schimel and Bennett, 2004; Rothstein, 2009 ). However, some plants, including those that do not have mycorrhization, have the capacity to directly utilize free low molecular-weight organic N compounds (i.e. amino acids and small peptides) from soils (Chapin et al., 1993; Marschner, 1995; Raab et al., 1996; Thornton, 2001) , while other plants rely on specialized symbiotic associations to exploit organic N sources (Read, 1991) . The mechanisms of how arbuscular, ecto-and ericoid mycorrhizas influence the N nutrition of plants have been well documented (George et al., 1995; Read and Perez-Moreno, 2003; Finlay, 2005; Hodge and Fitter, 2010; Neumann and George, 2010; Miransari, 2011; Veresoglou et al., 2012) ; however, the roles of orchid mycorrhizas in N nutrition are less well explored.
Orchid mycorrhizas exhibit a unique type of mycorrhizal symbiosis that occurs between fungi and plants of the family Orchidaceae (Smith and Read, 2008; Imhof, 2009) . In general, the roots of orchids are typically coarse compared with those of other plant species, leading to a considerably low surface area to volume ratio. As a result, orchids are often ill-adapted for direct nutrient acquisition from the soil (Leake, 1994) . Numerous studies have demonstrated that mycorrhizal fungi strongly enhance nutrient acquisition by orchids in their native ecosystems (Alexander, 2007; Smith and Read, 2008) . All terrestrial orchids investigated to date depend on a mycorrhizal partnership to provide nutrients for germination (Rasmussen, 1995; Cameron et al., 2006; Rasmussen and Rasmussen, 2009) . At the achlorophyllous protocorm stage, carbon and nutrient acquisition by orchids is completely dependent on the fungus partner (Rasmussen and Rasmussen, 2009) . Even after photosynthesis is established, most orchid species remain, to some extent, reliant on the fungus for carbon and nutrients (Cameron et al., 2006; Rasmussen and Rasmussen, 2009 ). For example, adult mycorrhizal Goodyera repens acquires 100 times more phosphorus than non-mycorrhizal controls (Alexander et al., 1984) . Subsequent studies further demonstrated that phosphorus and glycine-N maybe transferred from the mycorrhizal fungus to a terrestrial orchid, such as Goodyera repens (Cameron et al., 2006 (Cameron et al., , 2007 . Nevertheless, it still remains unclear how fungal partners influence inorganic and organic N acquisition by terrestrial orchids (Alexander, 2007; Smith and Read, 2008) .
The genus Cymbidium is widely distributed from east and south-east Asia to Australia (DuPuy and Cribb, 1988; Berg-Pana, 2005; DuPuy and Cribb, 2007) . Among Cymbidium species, C. goeringii is an important terrestrial orchid that is native to south-western and north-eastern China. To investigate the role of the fungal partner in organic and inorganic N acquisition by C. goeringii, we isolated three mycorrhizal fungal strains from wild Cymbidium species in Yunnan Province, China. Two fungal strains (CLB111 and CLB113) were isolated from the host C. goeringii, which was collected from the Baoshan region of south-western Yunnan. The third fungal strain (MLX102) was isolated from the host C. sinense, which was collected from the Xishuangbanna region of southern Yunnan. All three strains were identified as Rhizoctonia based on morphological and molecular techniques. Specifically, CLB113 and MLX102 strains are phylogenetically more closely related, while CLB111 and CLB113 strains are more distantly related (Wu et al., 2010) . Non-mycorrhizal C. goeringii seedlings were obtained through culture techniques (Wu et al., 2010) . After these seedlings were grown in a greenhouse, the isolated fungi were inoculated back onto their roots. Using these non-mycorrhizal and mycorrhizal C. goeringii seedlings, we tested the following hypotheses: (a) mycorrhizal fungi cause plant hosts to switch primary soil N source uptake, with the specific pattern of uptake varying according to the mycorrhizal fungi plant source; and (b) while plants have fewer roots in deeper soils, the extraradical mycelium of the mycorrhizas facilitates the uptake of inorganic and organic N from deep soil by orchids.
MATERIALS AND METHODS

Non-mycorrhizal Cymbidium seedlings
Ripe seed capsules of Cymbidium goeringii were collected from a subtropical forest in the Baoshan region (22849 ′ N,
103836
′ E, 1980 m a.s.l.) of Yunnan Province in south-western China, where the dominant trees were a broad-leaved evergreen species (Quercus acutissima) and a coniferous species (Pinus yunnanensis). The annual mean temperature of this region is approx. 16 8C and the annual mean precipitation is 1447 mm in the last 10 years of the 20th century.
Non-mycorrhizal seedlings of C. goeringii were obtained by Wu et al. (2010) . In brief, both germination and seedling growth stages were incubated at 25 8C with a 12 : 12 h light : dark cycle under fluorescent lamps (40 mmol m 22 s
21
). After approx. 30 d, the seedlings were transplanted to pots (16 cm diameter; 15 cm height) containing moss, vermiculite, and sand in a ratio of 1 : 1 : 1 (v/v/v), which had been autoclaved at 121 8C for 60 min to eliminate any microorganisms from the substrates.
Fungal strain isolation
To obtain mycorrhizal fungal strains from Cymbidium plants, we collected three Cymbidium plants representing three plant species native to Yunnan Province. Two C. goeringii plants were collected from the Baoshan region of south-western Yunnan (referred to as the CLB111 and CLB113 fungal strains); one C. sinense plant was collected from the Xishuangbanna region in southern Yunnan (referred to as the MLX102 fungal strain). Mycorrhizal fungi were isolated from the collected roots according to the method described by Warcup and Talbot (1967) , with minor modifications. Detailed information, including modifications, is provided by Wu et al. (2010) . The cultures were observed under a light microscope (×400), and putatively identified based on the criteria established for other orchid mycorrhizal fungi based on hyphal morphology from cultures (Sneh et al., 1991; Currah et al., 1997) .
Establishing symbiotic associations between C. goeringii seedlings and mycorrhizal fungi
The transplanted C. goeringii seedlings were grown in the greenhouse at 25 8C, 70-80 % humidity, with natural lightdark cycles (Kunming City, China). After 1 month of growth in the greenhouse, the seedlings of C. goeringii were inoculated with mycelial cultures of the three specific fungal strains: CLB111, CLB113 and MLX102. The fungal mycelial cultures were obtained by growing specific fungal strains on sterilized Q. acutissima leaf medium at 25 8C in the dark for 2 months. Quercus acutissima leaves containing fungal mycelia were then buried as inocula about 1 cm away from the C. goeringii seedlings, at the stage where they had one leaf per seedling. Thirty seedlings were inoculated for each fungal strain (referred to as the mycorrhizal group). For the control, 30 seedlings were inoculated with sterilised Q. acutissima leaf medium that was clean of any fungal strains, and were also buried about 1 cm away from the C. goeringii seedlings (referred to as the non-mycorrhizal group).
Approximately 6 months after fungal inoculation, the presence of mycorrhizal symbiosis with the seedlings was examined ( Fig. 1 ). This was completed for the inoculated greenhouse orchids, following the protocol described for wild orchids (Warcup and Talbot, 1967) . As expected, fungi were not isolated from the non-inoculated orchids (Fig. 2) . The fungal strains re-isolated from the inoculated plants were compared with the original inoculated fungal strains using random amplified polymorphic DNA (RAPD) markers and internal transcribed spacers (ITS) sequencing. The results showed that the re-isolated strains were genetically identical to the originally inoculated strains (Wu et al., 2010) .
N labelling
Six months after fungal inoculation, we injected 15 N-labelled KNO 3 (99 . 3 % 15 N enrichment), (NH 4 ) 2 SO 4 (99 . 5 % 15 N enrichment) or glycine (98 . 4 % 15 N enrichment) into the soils of mycorrhizal and non-mycorrhizal C. goeringii seedlings. The tracers were injected in a pattern representing the three points of a triangle, with 5 cm length between points and the seedling at the centre of the triangle. At each point with 1 mL of tracer was injected. Nitrogen was applied at 1 mg N g 21 substrate. The tracers were injected at 2 . 5-cm and 7 . 5-cm soil depths. Reference pots (i.e. controls), which were not labelled with 15 N tracer, were supplied with the equivalent amount of water. Therefore, a three-factor design was constructed: three mycorrhizal species (CLB111, CLB113 and MLX102) with non-mycorrhizal seedlings as the control, two injection depths (2 . 5 cm and 7 . 5 cm) and three N species ( N labelling. Roots were first rinsed with tap water, and were then immersed in 0 . 5 mM CaCl 2 for 30 min. Subsequently, the roots were rinsed with distilled water. Above-ground parts and roots were dried in an oven at 75 8C for 48 h. Dried plant materials were weighed and ground into a powder using a ball miller (MM200; Haan, Retsch, Germany) for N and 
RESULTS
Effects of the fungus partner on the above-and below-ground biomass of C. goeringii Inoculation of mycorrhizal fungi on the plant roots increased the above-and below-ground biomass of C. goeringii; however, biomass levels varied with respect to mycorrhizal species (Fig. 3) . Six months after inoculation, the above-and below-ground biomass of non-mycorrhizal C. goeringii individuals averaged 0 . 12 + 0 . 02 g pot 21 and 0 . 09 + 0 . 01 g pot 21 , respectively. Inoculation with CLB111 and CLB113 strains significantly increased the above-and below-ground biomass of C. goeringii. In contrast, the strain MLX102 isolated from another Cymbidium species significantly increased belowground biomass of C. goeringii only. Among the three mycorrhizal fungi treatments, a significant difference in root biomass was observed between CLB111 and MLX102 treatments (Fig. 3) . The root : shoot ratio of non-mycorrhizal C. goeringii seedlings was approx. 0 . 78 + 0 . 08. Furthermore, while mycorrhizal fungi increased the root : shoot ratios, these values were ,1 and not significantly different to the control (Fig. 3) .
Effects of the fungal partner on inorganic and organic N uptake by C. goeringii Non-mycorrhizal C. goeringii seedlings primarily took up 15 NO 3 2 from tracers injected at 2 . 5-cm soil depth, at a rate of 13 . 8 + 1 . 6 mg N g 21 d. wt root d
21
. All three mycorrhizal fungi, particularly MLX102, strongly enhanced 15 NH 4 + uptake by the roots from tracers injected at 2 . 5-cm soil depth (Fig. 4) N-glycine (Fig. 4) . Insufficient non-mycorrhizal C. goeringii seedlings were available to infer N uptake from tracers injected at 7 . 5-cm soil depth; however, we could determine N uptake from this layer for C. goeringii seedlings inoculated with the three mycorrhizal fungi. Compared with uptake of tracers injected at 2 . 5-cm soil depth, inoculation of the three mycorrhizal fungi significantly decreased the uptake rates of inorganic and organic N from tracers injected at 7 . 5-cm soil depth, with two exceptions. First, the fungus CLB113 facilitated the acquisition of more 15 NO 3 2 by C. goeringii seedlings from tracers injected at 7 . 5-cm soil depth compared with tracers injected at 2 . 5-cm soil depth. Secondly, the organic N uptake rate of the fungus MLX102 was approximately three times greater from tracers injected at 7 . 5-cm soil depth compared with tracers injected at 2 . 5-cm soil depth (Fig. 4) .
For non-mycorrhizal C. goeringii seedlings, NO 3 2 and glycine-N uptake contributed to 45 . 2 + 6 . 4 % and 22 . 4 + 4 . 9 % of total N uptake. Fungal CLB111 significantly decreased the contribution of NO 3 2 to total N uptake, but increased NH 4 + and glycine uptake by 35 . 9 % and 15 . 5 %, respectively, compared with the control. For the other two mycorrhizal fungal inoculations, NH 4 + uptake contributed to .70 % of the total N uptake, whereas the contributions of glycine and NO 3 2 were similar (Fig. 4) . 
DISCUSSION
In this study, we provide clear evidence that mycorrhizal fungi are able to switch the N source uptake of a terrestrial orchid C. goeringii from NO 3 2 to NH 4 + after the injection of tracers at 2 . 5-cm soil depth.
A large number of studies have shown that some epiphytic and terrestrial orchids have the capacity to take up organic N directly from soils in the form of free amino acids (Majerowicz et al., 2000; Majerowicz and Kerbauy, 2002; Cameron et al., 2006) . In this study, we found that nonmycorrhizal C. goeringii seedlings are able to take up glycine-N; however, of the three tested fungal strains, only the fungal strain CLB111 significantly increased glycine-N uptake by mycorrhizal seedlings from tracers injected at 2 . 5-cm soil depth. We did not measure the N uptake of roots from tracers injected at 7 . 5-cm soil depth, because some of these non-mycorrhizal seedlings died. As the roots of nonmycorrhizal C. goeringii seedlings were generally short and concentrated in the top 5-cm soil layer ( Fig. 1; Wu et al., 2010), we therefore assumed that the amount of N uptake by non-mycorrhizal C. goeringii seedlings from tracers injected at 7 . 5-cm soil depth was negligible. Accordingly, the fungal strains CLB111 and MLX102 strongly enhanced glycine-N uptake by C. goeringii seedlings from the deeper soil layer, whereas the CLB113 strain greatly increased NH 4 + and NO 3 2 uptake. This observation clearly reflects that mycorrhizal seedlings take up N forms differently at different soil depths. A possible explanation for this phenomenon is that there is differentiation in the hyphae of the tested mycorrhizal fungus. For instance, hyphae in the upper soil layer might be responsible for NH 4 + uptake whereas hyphae in the deeper soil layer might be responsible for organic N uptake. This differentiation in hyphae functioning of ectomycorrhizal fungi has been previously suggested, and possibly represents different exploration strategies (Agerer, 2001) . However, most of the literature on the exploration strategies of mycorrhizal fungi focuses on ectomycorrhizal fungi, with the functional significance of this strategy in relation to orchid mycorrhizas requiring further study. The fungus MLX102 strongly increased 15 NH 4 + uptake by C. goeringii seedlings from tracers injected at 2 . 5-cm soil depth; however, it only significantly increased the belowground biomass of roots compared with non-mycorrhizal seedlings (Fig. 3) . This result might be ascribed to a mutualistic mechanism between the fungus partner and its host. For instance, more photosynthates might be transferred from the terrestrial orchid G. repens to its fungal partner, as a form of nutrient exchange (Cameron et al., 2006) . The MLX102 strain strongly enhanced glycine-N uptake by C. goeringii seedlings from tracers injected at 7 . 5-cm soil depth; however, it did not alter glycine-N uptake from tracers injected at 2 . 5-cm soil depth. The difference in glycine-N uptake between the two soil depths might be related to different limitations on the fungal hyphae at different soil depths. For instance, hyphae might obtain more carbon from the rhizosphere in the top soil layer, but are lacking in N. In contrast, hyphae at deeper soil depths might be more carbon limited. Compared with the fungus strain MLX102, the other two strains isolated from the roots of C. goeringii plants showed different patterns of uptake. Although both strains increased the above-and below-ground biomass of C. goeringii seedlings, the CLB111 strain significantly enhanced the uptake of all three N forms, whereas the CLB113 strain only stimulated the uptake of NH 4 + by C. goeringii seedlings from tracers injected at 2 . 5-cm soil depth (Fig. 4) . This difference indicates that N acquisition by C. goeringii seedlings might be dependent on the mycorrhizal fungal species that is present.
Many studies have shown that NO 3 2 is generally the preferred N form of tropical plants (Trépanier and Lamy, 2009 ). For example, some tropical epiphytic orchids prefer NO 3 -uptake (Wang, 2008; Trépanier and Lamy, 2009) . In this study, we observed that non-mycorrhizal seedlings preferentially took up 15 NO 3 2 , whereas mycorrhizal seedlings preferentially took up NH 4 + from tracers injected at 2 . 5-cm soil depth. Although asymbiotic orchids are not common in nature, our results clearly show that mycorrhizal fungi switched the uptake of the orchid C. goeringii from NO 3 2 to NH 4 + in the top soil. This trend is similar to that observed in ectomycorrhizal fungi, which show a distinct preference for NH 4 + uptake (Plassard et al., 1991) . Therefore, the first hypothesis of our study was supported, whereby mycorrhizal fungi switch the preferred N source uptake of their plant hosts, with the magnitude of uptake depending on the origin of the mycorrhizal fungi.
Since mycorrhizal fungi alter the N uptake patterns of C. goeringii seedlings in the top soil, it is logical to assume that similar uptake patterns occurred in the deeper soil layer; however, we did not observe a similar pattern at both soil depths. In contrast, C. goeringii seedlings inoculated with the fungal strains CLB113 and MLX102 exhibited a strong uptake of glycine, whereas those inoculated with CLB113 preferentially took up NO 3 2 and NH 4 + . The reasons for this disparity in N uptake in the different soil layers might be related to a possible differentiation in mycorrhizal hyphae of the fungal partners of C. goeringii. As a result, our second hypothesis was only partly confirmed, whereby the extraradical mycelium facilitates the effective uptake of inorganic and organic N from deeper soil by the orchid, despite the presence of fewer roots in this layer.
In summary, non-mycorrhizal C. goeringii seedlings preferentially took up NO 3 2 from tracers injected at 2 . 5-cm soil depth, while C. goeringii seedlings inoculated with all three mycorrhizas showed a strong preference for NH 4 + uptake from tracers injected at 2 . 5-cm soil depth. This difference indicates that mycorrhizal fungi switch the N source uptake of C. goeringii from NO 3 2 to NH 4 + . CLB113 and MLX102 strains were isolated from different Cymbidium species, but showed a similar N uptake pattern in the tracers injected at 2 . 5-cm soil depth. Hence, the disparity in N uptake in the different soil layers might be ascribed to the possible differentiation of mycorrhizal hyphae of the fungal partners of C. goeringii.
